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We demonstrate coherent control of population transfer between vibrational states in an optical
lattice by using interference between a one-phonon transition at 2ω and a two-phonon transition at
ω. The ω and 2ω transitions are driven by phase- and amplitude-modulation of the lattice laser
beams, respectively. By varying the relative phase between these two pathways, we control the
branching ratio of transitions to the first excited state and to the higher states. Our best result
shows an improvement of the branching ratio by a factor of 3.5±0.7. Such quantum control tech-
niques may find broad application in suppressing leakage errors in a variety of quantum information
architectures.
PACS numbers: 32.80.Qk, 37.10.Jk, 03.67.Pp
Recent interest in building quantum information pro-
cessing devices relies on coherent manipulation of quan-
tum two-level systems (qubits). In reality, a qubit is
typically a subspace of a larger Hilbert space, meaning
that one possible error is leakage to the states outside the
computational subspace. This kind of error is different
from other kinds of errors, such as fluctuations in control
parameters and coupling to the environment[1]. Leakage
error has been a major concern in many quantum infor-
mation processing devices, including neutral atoms in op-
tical lattices[2, 3], superconducting qubits[4, 5], trapped
ions[6], and cavity QED[7].
Here, we present an experiment demonstrating that
coherent control techniques[8] can be used to suppress
leakage errors in quantum information systems, which
opens up a new area of application for this kind of tech-
niques. The coherent control scheme we use is analogous
to the one-photon vs. two-photon interference scheme[9].
In that scheme, control is achieved by coherently driv-
ing a state with two phase-coherent quantum pathways
to the same final state, in which one transition path-
way is absorption of a photon at a frequency of 2ω and
the other is absorption of two photons at a frequency of
ω. The total transition amplitude is the coherent sum
of the amplitudes for these two processes, allowing the
final-state probability to be controlled by varying the rel-
ative phase of the ω and 2ω transitions. This concept has
been applied to coherently control the photoionization of
rubidium atoms[10], photocurrents in semiconductors[11]
and graphene[12], and photodissociation of molecules[13],
to name a few proof-of-principle examples. There have
also been proposals for using this technique to study the
quantum-to-classical transition[14], to control photocur-
rents in carbon nanotubes[15] and molecular wires[16],
as well as to control the populations of different elec-
tronic states in semiconductor quantum wells[17] and
molecular wires[18]. In our work, we extend the appli-
cation of this technique into the domain of quantum in-
formation by demonstrating an analogous scheme based
on one-phonon vs. two-phonon interference in a two-
vibrational-state system. By using the coherent control
technique, we succeed in suppressing leakage during co-
herent population transfer between the two vibrational
states. Our method of controlling vibrational states co-
herently through different phonon excitations is appli-
cable to situations where phonon excitation is the ma-
jor source of leakage error, such as the SWAP gate ex-
periments with neutral atoms in optical lattices[2]. The
Hamiltonian of the system we study has exactly the same
form as the one for superconducting qubits[4], suggesting
that this method may be useful for suppressing leakage
errors in those systems as well.
The two-level system we use is made up of the low-
est two vibrational states of an atom trapped in each
potential well of an optical lattice. An optical lattice
is a periodic potential for atoms, formed by the inter-
ference pattern of two laser beams[19]. Because our one-
dimensional optical lattice is in the vertical direction, the
atoms are actually trapped in a tilted-washboard poten-
tial, which is the sum of the periodic lattice potential and
the linear potential due to gravity. An atom in the tilted-
washboard potential possesses quasi-bound vibrational
states, known as Wannier-Stark states[20, 21]. We use
a shallow tilted-washboard potential which only has two
long-lived Wannier-Stark states centered on each poten-
tial well. Treating these two states as a qubit, we consider
any coupling into the higher excited vibrational states
as leakage. To rotate this qubit, we coherently transfer
population from the ground state to the excited state by
a one-phonon excitation. The one-phonon excitation is
experimentally realized by phase modulating (PM) one
lattice laser beam at ω with an acousto-optic modulator
(AOM)[22], where ω is the resonance frequency between
the ground and first excited states and is measured to
be 2pi × (4.99 ± 0.01)kHz for this experiment[23]. The
PM creates a series of sidebands at ωL± qω, where ωL is
2two ω−phonons vs. one 2ω−phonon(a)
ω
ω
two ω−phonons
2ω
 one 2ω−phonon ∆φ = 2ω∆τ
(i)  PM alone (ii)  AM alone (iii)  PM + AM
∆τ Time
Time
0
2A PM
θ
0
AAM
−AAM
η(b) (i)  η: change of the lattice depth
(ii)  θ: displacement of the tilted−washboard potential
FIG. 1. (a) An atom in the ground state can leak out of the
qubit space by absorbing either (i) two phonons at ω (dashed
arrows) or (ii) one phonon at 2ω (solid arrow). When the
two transitions occur together (iii), the probability of leak-
age depends on the relative phase between these two tran-
sitions. (b) Experimentally, the ω-phonon-transition is real-
ized by phase modulation (PM) of one lattice beam at ω (ii).
The 2ω-phonon-transition is realized by amplitude modula-
tion (AM) of the other lattice beam (i). The relative phase
∆φ between the two transitions is controlled by the difference
∆τ between the initial times when PM and AM are applied,
through a relationship of ∆φ = 2ω∆τ .
the laser frequency and q is an integer. A Raman transi-
tion involving one photon at ωL and another photon at
ωL±ω can couple two vibrational states with energy sep-
aration of h¯ω. We refer to this creation of a vibrational
excitation via absorption of a single modulation quantum
at ω as a one-phonon excitation at ω. An atom in the
ground state can absorb one phonon at ω and be trans-
ferred into the excited state, but it can also absorb two
phonons at ω and leak out of the qubit space, as shown
in Fig. 1(a)(i). To mitigate this leakage, we introduce a
second pathway of excitation, a one-phonon excitation at
2ω, as shown in Fig. 1(a)(ii). Experimentally, we ampli-
tude modulate (AM) the other lattice laser beam at 2ω
with an AOM, which creates two sidebands of ωL ± 2ω.
Similarly, a Raman transition involving one photon at
ωL and another photon at ωL ± 2ω can couple two vi-
brational states with energy separation of 2h¯ω. We refer
to this creation of a vibrational excitation via absorption
of a single modulation quantum at 2ω as a one-phonon
excitation at 2ω. When the two-phonon transition at
ω and the one-phonon transition at 2ω are both driven,
as shown in Fig. 1(a)(iii), the two pathways interfere,
such that the leakage probability depends on their rela-
tive phase. By adjusting the pathways to have equal but
opposite amplitudes, one could in principle suppress the
leakage completely.
We use a sample of 85Rb atoms laser-cooled to approx-
imately 10µK, with a sufficiently low density (roughly
109 atoms/cm3) that we can neglect interactions between
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FIG. 2. The oscillation curves of Pg (green dots), Pe (blue
triangles), and PL (red squares) vs. ∆τ when PM and AM
are applied together. The control parameters of PM and AM
used for these interference fringes are n = 4, APM = 8
◦,
AAM = 10%.
atoms. Our optical lattice is formed by two 15mW laser
beams, red-detuned by 30GHz from the D2 line, which
intersect at an angle of 49◦, resulting in a lattice spacing
of a = 0.930µm, which is much larger than the 60nm
thermal de Broglie wavelength of the atoms. There is
therefore vanishing coherence between neighboring wells
of the lattice. This lattice has a typical depth of 19h¯ωr,
where ωr = 2pi×h/(8ma
2) = 2pi× 685Hz is the effective
recoil frequency and m is the mass of one 85Rb atom.
Due to the 1.5-mm r.m.s. width of the gaussian lattice
beams, the lattice depth is inhomogeneously broadened;
the distribution of lattice depths shown in the inset of
Fig. 3(b) below is measured using the technique in [24].
The linear potential of gravity has a value of 2.86h¯ωr per
lattice spacing, and for these parameters there are only
two long-lived Wannier-Stark states centered on each lat-
tice well[20]. By adiabatically lowering the depth of the
optical lattice until only one Wannier-Stark state is sup-
ported, and then adiabatically increasing it again, we pre-
pare the atoms in the lowest Wannier-Stark state. This
same filtering technique[25] is used to measure the popu-
lations of the different vibrational states after excitation.
To investigate the interference between the two differ-
ent transition pathways, we vary the relative phase ∆φ
between the two-phonon transition at ω and the one-
phonon transition at 2ω, while keeping the probability of
each transition constant. The probability of each transi-
tion depends on the modulation amplitudes APM , AAM ,
and modulation duration tm. We always perform the
same modulation duration tm = 2npi/ω for both PM
and AM, where n is an integer. Fig.1(b) shows exam-
ples of PM and AM with n = 4. The modulation du-
ration we use in this experiment is always much smaller
than the measured photon scattering time of about 50ms.
The relative phase ∆φ between the two transitions de-
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FIG. 3. (a) Visibility (PmaxL − P
min
L )/(P
max
L + P
min
L ) vs.
log2(P
PM
L /P
AM
L ); experiment: red dots; idealized 2-path
model: solid curve. (b) PmaxL and P
min
L vs. P
PM
L for
PAML = 0.06± 0.01. Inset: lattice depth distribution.
pends on the difference ∆τ between the initial time of
PM and AM, through the relationship ∆φ = 2ω∆τ . In
the first part of the experiment, we measure the prob-
abilities of leaking out of the qubit space PL, of being
transferred into the excited state Pe, and of being left in
the ground state Pg, when ∆τ is varied and APM , AAM ,
and n are kept constant. Typical oscillation curves of
Pg, Pe, and PL vs. ∆τ measured in the experiment are
shown in Fig.2, clearly demonstrating interference be-
tween the two transition pathways. The constructive and
destructive interference conditions for PL are found to be
∆φ = (2l+1)pi and ∆φ = 2lpi, respectively, where l is an
integer. Fig.2 shows that compared to the leakage PPML
when PM alone is applied, PL is suppressed at the points
where destructive interference occurs. The probability of
transition into the excited state is increased at the same
points. This demonstrates that the leakage due to the
two-phonon transition at ω is suppressed by simultane-
ously driving the one-phonon transition at 2ω with the
appropriate phase.
We further study the dependence of this interference
on the leakage probability PPML by measuring oscillation
curves of PL vs. ∆τ for different values of the control
parameter APM , while AAM and n are kept constant.
As all the measured interference fringes show the same
constructive and destructive interference conditions, we
focus our study on the dependence of the visibility on
PPML . We denote the leakage probability when con-
structive (destructive) interference conditions are met as
PmaxL (P
min
L ), which means visibility can be expressed as
(PmaxL −P
min
L )/(P
max
L +P
min
L ). To find P
max
L and P
min
L ,
we perform a sinusoidal fit for each interference fringe
with the oscillation frequency held constant at 10kHz.
Fig. 3(a) shows a plot of visibility vs. log2(P
PM
L /P
AM
L ),
where PAML is the leakage probability when AM alone
is applied. We find experimentally (red dots) that the
maximum visibility occurs when PPML = P
AM
L , as would
be expected from an idealized two-path interference (2-
path) model (solid black line). Such a model assumes the
total probability amplitude for leakage is the sum of the
amplitudes for the two individual transition pathways,
with perfect phase coherence. We would then expect
Pmax,minL = P
PM
L + P
AM
L ± 2
√
PPML P
AM
L . Although
the experimental result agrees with the 2-path model as
to when the maximum visibility should occur, it shows
lower visibility.
To understand the discrepancy in visibility between
the experimental results and the idealized 2-path model,
we consider the Hamiltonian for an atom in the tilted-
washboard potential, H0 = p
2/(2m) + U0 sin
2(pix/a) +
mgx, where U0 is the optical lattice depth, g is the ac-
celeration due to gravity. By introducing dimensionless
parameters x˜ = pix/a, p˜ = ap/(pih¯), r = U0/(h¯ωr), and
s = mga/(h¯ωr), we can write the dimensionless time-
dependent Hamiltonian in the reference frame which fol-
lows the displacement of the potential[20] in this form:
H˜U(t) = p˜
2 + r sin2 x˜+
s
pi
x˜−
θ¨(t)
2
x˜+ rη(t) sin2 x˜, (1)
where θ(t) = APM (1− cosωt) is the displacement of the
tilted-washboard potential and η(t) = AAM sin[2ω(t −
∆τ)] is the fractional potential depth modulation, as
shown in Fig. 1(b). Using the Hamiltonian Eq. (1), we
employ a split-operator method to numerically solve the
time-dependent Schro¨dinger equation with the ground
state as the initial state. Our simulation shows that vis-
ibility depends strongly on the lattice depth r. Because
atoms are trapped in tilted-washboard potentials of dif-
ferent depths, we average the simulation results over the
distribution of lattice depths the atoms experience, as
shown in the inset of Fig. 3(b). To compare the aver-
aged simulation results with the experimental data, we
plot PmaxL (P
min
L ) vs. P
PM
L in Fig. 3(b). The simulation
results (red and blue solid lines) agree much better with
the experimental data (red square and blue triangle) than
the idealized 2-path model (red and blue dashed lines).
In the simulation, we find that the total leakage is made
up of both leakage to other states in the same well and
into other wells. Since the destructive interference does
not become perfect for the two channels at the same time,
visibility is reduced. One would expect the visibility de-
crease for larger PPML as well. We believe this inter-well
leakage accounts for most of the discrepancy between the
experimental data and the 2-path model. This limits
the realm of applicability of our control technique to the
regime where PPML is relatively small so the inter-well
coupling can be safely ignored.
In order to test the effectiveness of this coherent control
technique, we carry out a search for the best branching
ratio in the parameter space of APM , AAM , and n, while
keeping ∆τ = 0 (where the destructive interference oc-
curs). We define the branching ratio as the probability
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FIG. 4. Branching ratio B = Pe/PL vs. Pe on a log-log
plot for n = 2. For each curve, PPML is constant by holding
APM constant. The black circle on each curve marks the data
when PM alone is applied. The points on the same curve is
connected in the order of increasing AAM by increment of 2%
with the black circle as the starting point. The dashed lines
in the plots are equi-loss lines.
of transition into the excited state divided by the prob-
ability of leakage, B = Pe/PL. If we could completely
suppress the leakage, the branching ratio B would go to
infinity. It would not be useful to increase the branching
ratio by reducing both transition probabilities simultane-
ously, so we study both figures of merit B and Pe. Fig.4
shows B vs. Pe on a log-log graph for a typical set of
our experimental data, where n = 2. For each curve in
the graph, we hold PPML constant and plot the branching
ratio in the absence of AM as a black circle for reference.
All the other points on the same curve correspond to dif-
ferent values of PAML (experimentally, different values of
AAM ). As we have learned that the 2-path model does
not work perfectly for large values of PPML and P
AM
L ,
we expect our coherent control technique to work better
for small n, APM , and AAM . This is confirmed by our
experimental results. For n > 5, we never observe any
suppression of the leakage. For n ≤ 5, the branching ra-
tio is always higher for smaller APM with a given value
of Pe, one can see this in Fig.4. For a given value of
APM , increasing the amplitude of AM at first decreases
the leakage while simultaneously increasing the excita-
tion probability (and hence the branching ratio). This
process reaches an optimum, after which the leakage be-
gins to grow again and the branching ratio declines. The
largest enhancement in branching ratio was seen for the
smallest value of APM tested; for the largest values of
APM , very little improvement was observed. This agrees
with the simulation: when PAML is too large, we expect
the inter-well leakage to become significant, and the de-
gree of leakage suppression is reduced. The largest in-
crease we observed in branching ratio was by a factor of
3.5± 0.7, achieved for n = 2 and APM = 8
◦ when AAM
was set to 10%: the resulting branching ratio was 17± 2.
Experimental uncertainties prevent us from measuring
smaller values of PL, but our observations are consistent
with the expectation that the enhancement continues to
improve for lower drive amplitudes. In summary, we have
succeeded in reducing the leakage down to a level limited
only by our measurement accuracy.
To conclude, we have experimentally demonstrated a
novel coherent control technique for effectively suppress-
ing the leakage error for a two-level system. Our ex-
periment shows that leakage can be suppressed by in-
terference between a two-phonon transition at ω and a
one-phonon transition at 2ω during the coherent pop-
ulation transfer between the ground and excited states
of an atom in a tilted-washboard potential. Using this
technique, we are able to simultaneously suppress the
leakage and increase the transition probability into the
excited state. Although our data and analysis show that
there are other leakage transitions when the excitation
becomes large, it may well be possible to engineer the in-
terference conditions for multiple interference pathways
through pulse engineering techniques such as GRAPE
[26]. The best achieved branching ratio B = Pe/PL in
our system was 3.5 ± 0.7 times the branching ratio in
the absence of coherent control. We believe that similar
techniques will prove useful for minimizing leakage in a
variety of quantum information architectures, and par-
ticularly in those which rely on periodic or washboard
potentials, including both optical lattices and supercon-
ducting qubits.
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